Introduction {#s1}
============

The brain presents an ideal frontier into which to deploy the remarkable technical advances in genome biology that emerged from the completion of the Human Genome Project. Although the incredible diversity of cell types in the mammalian brain share a single genomic blueprint, they express highly distinct transcriptional profiles, which neurobiologists have begun to characterize at the single-cell level using the emergence of increasingly sensitive next-generation sequencing technologies. Furthermore, even once they are fully differentiated, neurons experience large-scale dynamic waves of new gene transcription in response to environmental exposures. The evidence that these transcriptional states can be mediated by activity-dependent regulation of chromatin modifying enzymes has driven an explosion in the field of neuroepigenetics \[[@R1],[@R2]\]. This field addresses the tempting hypothesis that upon neuronal activity, biochemical mechanisms of chromatin regulation \[[@R3],[@R4]\] can shift transcriptional output when neuronal circuits are subsequently reactivated. Our goal in this review is to show how the combination of sequencing data with the emerging genome and epigenome editing strategies made easily possible using [c]{.ul}lustered [r]{.ul}egularly [i]{.ul}nterspaced [s]{.ul}hort [p]{.ul}alindromic [r]{.ul}epeats (CRISPR)/Cas9 technology has enabled rapid discoveries that reveal how cooperation between coding and non-coding elements of the genome both establish and adapt neuronal transcriptional programs and brain function.

Functional Relevance of Gene Regulation in the Nervous System {#s2}
=============================================================

*How is the diversity of neuronal cell types established during development?* We are only just beginning to understand how different gene expression programs are progressively regulated over the course of development as precursor cells divide, differentiate, and commit to distinct fates \[[@R5]\]. For each gene in the mammalian genome, there exists a cohort of non-coding *cis*-regulatory elements that enable precise spatiotemporal control over its expression \[[@R6],[@R7]\] ([Figure 1](#F1){ref-type="fig"}). Among these gene regulatory regions, proximal promoters are the best characterized due to their proximity to their target genes. Less is known about the specific functions and regulatory logic of distal regulatory elements, which include the distal enhancers that activate gene expression, as well as insulators that serve to buffer interactions between enhancers and promoters. Improvements in our understanding of the chromatin signatures that mark these gene regulatory elements \[[@R8]\] have enabled genome-wide identification of putative neuronal *cis*-regulatory elements \[[@R9]\]. However, it remains an ongoing challenge to experimentally test the functional importance of neuronal enhancers in their native genomic context. Existing enhancer reporter assays \[[@R10]\], including lacZ, GFP, and luciferase reporter plasmids, can provide convenient readouts for enhancer activity, but they fail to recapitulate the enhancer's role in its native genomic context and cannot reveal the specific genes regulated by any given distal element. In contrast, as we discuss below, application of genome editing technologies is beginning to massively accelerate functional annotation of neuronal *cis*-regulatory elements within the mammalian genome.

*How does the environment intersect with the genome to guide activity-dependent brain development?* Although each neuron, like all other cells in the body, has a genetic code that provides a blueprint for its development and mature function, the brain is unique in the extreme to which it integrates and responds transcriptionally to a dynamic and diverse set of extrinsic stimuli. Just like in non-neuronal cell types, unique combinations of transcription factors binding to distinct *cis*-regulatory elements determine the expression of lineage-specific transcriptional programs and ultimately define cellular identities in the central nervous system \[[@R11]\]. However, in addition to these intrinsically defined programs of gene expression, sensory experience during postnatal neural development is capable of eliciting persistent, long-term changes to neuronal structure and function, many of which require the transcription of gene products in an activity-regulated manner that converge from complex signaling pathways \[[@R12]\]. Such neuronal activity-dependent gene expression programs and their regulation have been extensively studied \[[@R13],[@R14]\]. Activity-regulated transcriptional programs are critical for neuronal plasticity because they are fundamentally situated at the interface between the intrinsic genome and the extrinsic environment. The availability of genetic approaches to manipulate specific cellular and progenitor populations in the brain, as well as the technology to interrogate genomic changes with single-cell resolution, makes this an exciting era to apply genome editing technologies to study the genome-environment interactions that define brain development and function.

*What is the function of epigenetic regulation in neural plasticity?* It is well known that the epigenetic landscape of the genome can influence gene expression in other cell types \[[@R15]\] and it is now better appreciated that the neuronal epigenome imparts dynamic changes that enable specific genes to be activated or repressed with temporal and spatial specificity \[[@R16]\]. This led to the start of the field of neuroepigenetics, which addresses how biochemical features laid on top of the DNA code modulate features of neuronal gene expression and function. These include the biophysical conformation of chromatin, the post-translational modifications of histone proteins that wrap around DNA, and the biochemical alterations to DNA nucleotides. Due to the inducible and often persistent nature of these epigenetic marks \[[@R4]\], it has been suggested that these epigenomic modifications contribute to the ability of a neuron to retain information from prior stimuli to influence how that neuron initiates transcriptional responses to future stimuli. However, it has been challenging to directly test the hypothesis that site-specific epigenomic modifications are actually causative for the neural plasticities that underlie functionally interesting processes in the brain like learning and memory \[[@R1],[@R2]\]. The continued growth of genome editing technologies has expanded in the realm of the epigenome and there now exist methods to probe how each of these epigenomic components regulate transcription and neuronal function in the mammalian brain.

The Genome Engineering Revolution: Why CRISPR is Better {#s3}
=======================================================

*How can protein complexes be recruited to a single site in the genome?* Protein engineers recognized the capacity of endogenous transcription factors to design synthetic proteins that target specific sites in the genome. The first such tool fused the DNA binding domain of two different zinc-finger transcription factors to the enzymatic domain of the FokI restriction enzyme \[[@R17]\], demonstrating DNA cleavage in a sequence-specific manner. Cys~2~-His~2~ zinc finger domains are about 30bp long and are among the most ubiquitous DNA-binding domains present in transcription factors \[[@R18]-[@R20]\]. By linking multiple zinc fingers together in tandem arrays, it is technically possible to design a synthetic protein that can recognize any given DNA sequence, forming the basis of zinc finger nuclease (ZFN) technology that propelled the modern era of genome editing \[[@R21]\]. Similarly, the [t]{.ul}ranscription [a]{.ul}ctivator-like [e]{.ul}ffector [n]{.ul}ucleases (TALENs) are a natural form of DNA-binding proteins produced by plant pathogens that can be stitched together in different permutations to recognize unique DNA sequences \[[@R22],[@R23]\].

ZFN and TALEN technologies offer what genome engineers want most: high precision, sequence-specific DNA binding coupled with a modular architecture to pair with different effector domains. However, they come at a significant financial and technical cost out of range for most laboratories \[[@R24]\], a likely reason the simpler CRISPR/Cas9 system has been so widely and rapidly adopted. Debates continue on the relative specificity and efficacy of CRISPR/Cas9 versus ZFN or TALEN technologies \[[@R25]-[@R29]\]; nevertheless, publication of CRISPR/Cas9 papers has soared in the past three years with no sign of slowing down ([Figure 2](#F2){ref-type="fig"}).

*What makes the CRISPR/Cas9 system more adoptable and adaptable compared with ZFN and TALEN technologies?* Instead of a protein with intrinsic sequence-specific DNA binding activity, CRISPR/Cas9 uses an RNA-guided mechanism to recruit the Cas9 effector onto the genome. CRISPR/Cas is a naturally occurring nuclease system from bacteria that recognizes RNA-DNA hybrids, used as an innate form of defense against foreign DNA \[[@R30]\]. The Cas9 nuclease, the core module of the technology, is recruited to DNA upon expression of an RNA (guide RNA or gRNA) that includes a protospacer adjacent motif (PAM) to bind Cas9 \[[@R31]-[@R34]\]. Researchers have exploited the fact that different bacterial strains employ unique PAMs to multiplex with different Cas9 molecules and target different effectors to discrete genomic loci \[[@R35]\]. At less than \$10 USD to synthesize a new gRNA, CRISPR/Cas9 is the only one of the three genome-editing tools useful for genome-scale screening \[[@R36]\].

*What modifications can be elicited by the recruitment of ZFNs, TALENs, or Cas9?* ZFN, TALEN, and CRISPR/Cas9 nucleases all elicit double-stranded breaks (DSBs) that result in mutation of the underlying sequence via activation of endogenous DNA repair pathways: non-homologous end joining (NHEJ) and homology-directed repair (HDR) \[[@R37]\]. NHEJ simply ligates the broken ends, often generating insertions or deletions. HDR uses the sequence at the DSB as a template for repair for higher fidelity. When directed at gene regulatory elements, Cas9-induced mutations can reveal the requirement for transcription factor binding sites or other specific regions to activate a target gene.

To use the Cas9 protein as a platform for recruiting transcriptional effectors, the nuclease activity of Cas9 must be inactivated by mutation of specific amino acid residues on Cas9 in the RuvC and HNH domains \[[@R38]\]. The nuclease-dead Cas9 (known as dCas9) \[[@R39]\] serves as a powerful scaffold to target any effector to the genome by leveraging Cas9's ability to bind to gRNAs that sit down at specific sites of interest.

To turn gene expression on or off, engineers have fused transcriptional activator or repression domains to ZFNs \[[@R40]\], TALENs, and most recently, dCas9 \[[@R41]\], and recruited them to non-coding regions. Recent development of more potent activators, such as dCas9-VPR that combines the VP64, p65, and Rta activators \[[@R42]\], may enable more robust targeting of distal regulatory elements situated up to megabases away from promoters they activate. CRISPR-based activation (CRISPRa) is predominantly used to demonstrate sufficiency of a regulatory element for gene transcription; conversely, CRISPR-mediated repression (CRISPRi) is an alternative for RNA interference, used to demonstrate that an element is necessary for efficient gene expression ([Figure 3](#F3){ref-type="fig"}). Furthermore, to study the function of site-specific modifications to the epigenome, researchers have fused synthetic DNA binding proteins to enzymes that alter the epigenetic landscape by inducing histone \[[@R43]\], DNA, and chromatin modifications. This form of manipulation is most practical for disambiguating whether sequence changes at the DNA level or chromatin state of regulatory elements is the dominant contributor to alterations in gene transcription. Various iterations of chemical- or light-inducible Cas9 are being developed to improve spatiotemporal resolution for activation of Cas9 or dCas9-based effectors \[[@R44]-[@R46]\].

*What are the continued technical challenges for CRISPR/Cas9 in neurons?* One of the great challenges for any molecular genetic study is disambiguating the cause of phenotypic effects. Cellular phenotypes emerging from globally disrupting gene expression could be a direct effect of a specific gene in a given cell type; alternatively, they are indirect consequences of a disrupted cellular environment or altered development. To address this concern for *in vivo* studies of the brain, in utero electroporation (IUEs) or viral-based methods are widely used for pre- and post-natal gene manipulations in neurons respectively. In particular, adeno-associated viruses (AAVs) are frequently used for neuronal transgene expression because they exhibit low levels of toxicity and high levels of *in vivo* neuronal infection. However, AAVs are limited in the size of DNA they can carry and the size of Cas9 from *Streptococcus pyogenes* (4.2 kb) makes it impossible to package into a single AAV with the gRNA and associated scaffold. By contrast, *Staphylococcus aureus* Cas9 (saCas9) is only 3.3 kb \[[@R35]\]. This system is compatible with incorporating saCas9, gRNAs, and GFP into a single AAV vector for Cas9-dependent manipulation of the genome in post-mitotic neurons. saCas9 and spCas9 are recruited by different PAM sequences; thus, distinct gRNAs must be engineered for use in the two systems.

The ability to make precise mutations in the neuronal genome with Cas9 is critical to study the effect of discrete changes to gene regulatory elements. Cas9 is a highly active nuclease and it can routinely elicit multiple DSBs at targeted loci, leading to unwanted additional mutations. A recent method called CORRECT aims to overcome this challenge by simultaneously mutating the target sequence and the adjacent PAM to prevent re-targeting by Cas9 \[[@R47]\]. Moreover, the modeling of monogenic disorders caused by heterozygous mutations requires mutational knock-ins at single alleles. It turns out the rate of mutation incorporation is inversely related to the distance between the Cas9 cut site and the desired mutation; this fact is now exploited to elicit heterozygous mutations at a higher frequency by selecting PAM sites at specific distances from the variant to be introduced \[[@R47]\].

Potential off-target effects of CRISPR/Cas9 compound the issues discussed above; in other words, single gRNAs can inadvertently target Cas9 to more than one genomic location. Several experimental strategies are used to validate the specificity of CRISPR/Cas9 action directly with respect to gene regulation. dCas9 ChIP-seq can validate the protein is binding to a single genomic location \[[@R48],[@R49]\]. An RNA-seq comparison between the introduction of Cas9 with and without a gRNA targeting gene regulatory elements ensures that expression of a single gene is altered by the manipulation \[[@R50]\]. Computational tools exist to evaluate efficiencies of genome editing events \[[@R51]\] and criteria for gRNA length and target selection to minimize off-target effects have been examined \[[@R52]\]. Improving the specificity of the CRISPR/Cas9 system is an extensive field of study and it has been reviewed in detail \[[@R53],[@R54]\].

CRISPR Applications in Neurobiology {#s4}
===================================

Using CRISPR/Cas9 to Mutate Coding and Non-coding Elements {#s4a}
----------------------------------------------------------

One of the principal applications for CRISPR/Cas9-based genome editing is knockout of specific genes of interest for functional studies. In this regard, CRISPR/Cas9 represents a more rapid way to make germline null alleles compared with homologous recombination \[[@R55],[@R56]\]. Variations of the CRISPR/Cas9 method can also be used to make germline knock-in mutations and Cre-dependent expression of Cas9 permits conditional genome editing, though the efficiency of the CRISPR/Cas9 method compared with traditional genetic techniques for the generation of these more complex alleles remains to be fully established. What is most important for neurons, is that CRISPR/Cas9 genome editing represents a new way to achieve gene knockout in post-mitotic neurons \[[@R57]-[@R59]\]. By Cre-dependent Cas9 expression paired with transfection or infection of gRNAs, the CRISPR/Cas9 system has the temporal and cell-type specificity of RNA interference with the added benefit of potentially yielding complete knockout, rather than knockdown of gene expression in single cells \[[@R57]\].

However, beyond just knocking out genes by introducing indels into coding sequences, CRISPR/Cas9 genome editing can also be used to introduce function-disrupting mutations into non-coding gene regulatory elements. Because the non-coding genome is far more expansive than the coding genome, functional annotation of noncoding elements is substantially benefitted by the higher throughput nature of CRISPR/Cas9 compared with conventional homologous recombination. This method is particularly useful for interrogating the genomic control of brain development, as manipulating enhancer activity *in situ* can give insight into the finer mechanisms of genome regulation that give rise to neuronal diversity.

The murine retina is a model system of CNS neuronal diversification that is readily amenable to gene regulation studies. Differentiation is driven by a well-defined complement of transcription factors that regulate binary cell fate decisions \[[@R60],[@R61]\], leading a highly stereotyped structure that facilitates discrimination of cellular phenotypes \[[@R62]\]. One such cell fate decision occurs in retinal progenitor cells that terminally divide to produce two cell types with distinct structures and functions: rod photoreceptors that capture light and bipolar cells that function as interneurons \[[@R63]\]. Blimp1, a transcription factor encoded by the *Prdm1* gene, is required for this differentiation; conditional knockout of *Prdm1* leads to excess bipolar cells, suggesting that Blimp1 drives photoreceptor fate. Wang et al. \[[@R64]\] identified a putative *Prdm1* enhancer that correlates with the developmental time course of Blimp1 protein expression. Fate mapping revealed that the putative enhancer was most active in the progenitors that would ultimately become rods, not in those that differentiated into bipolar cells. The authors used CRISPR/Cas9 to delete the putative *Prdm1* enhancer in the mouse retina at P0 to demonstrate its requirement for proper *Prdm1* expression and rod photoreceptor fate. Loss of the enhancer resulted in an excess of bipolar cells phenocopying the *Prdm1* conditional knockout, suggesting that this distal *cis*-regulatory element is essential for *Prdm1* expression in the retina during early postnatal development. Enhancer deletions have long been accomplished using HR in ES cells \[[@R65]\], though the CRISPR/Cas9 method has potential advantages. It is faster to generate deletions, potentially allowing for screening of multiple putative enhancers in parallel. Furthermore, enhancer mutations can be introduced into a subset of cells at a specific developmental timepoint. For genes that have pleotropic functions during development, the precision of these enhancer mutations can improve temporal resolution on our understanding of gene regulation in development.

Enhancers are robust substrates for evolutionary change that manifests in tissue-specific gene expression changes \[[@R66],[@R67]\]. At the same time, sequence variation at enhancers can also result in CNS cellular dysfunction and disease \[[@R68]-[@R70]\] in a cell type-specific manner \[[@R71]\]. It remains a considerable hurdle to gain mechanistic insight into how single nucleotide variants (SNVs) and other genetic variants identified in genome-wide association studies cause disease in the CNS \[[@R72]\]. It is suggested that many of disease-associated SNVs alter local chromatin and histone state, falling within genomic regions that occlude endogenous transcriptional regulators \[[@R73],[@R74]\]. Soldner et al. \[[@R75]\] have used CRISPR/Cas9 to address Parkinson's disease cases without clear Mendelian inheritance patterns, which accounts for up to 90 percent of patients. Since enhancers are thought to modulate gene expression, they sought genomic regions with active epigenetic signatures in the substantia nigra of post-mortem Parkinson's patients. They found putative enhancers in an intronic region of SNCA and in the 3' UTR that are proposed to regulate α-synuclein expression. Soldner et al. \[[@R75]\] recapitulated the disease genotype by deleting the putative enhancer elements by CRISPR/Cas9-mediated genome editing in human ES cells and restoring the regions with known variants from Parkinson's patients ([Figure 3](#F3){ref-type="fig"}A) before differentiating cells into neural precursors. The resultant neuronal cultures were useful because they enabled the study of allele-specific differences in epigenetic marks indicative of enhancer activity, as well as the disruption of binding of key transcription factors in human cortical function (EMX2, NKX6-1) by enhancer sequence variation observed in Parkinson's patients. With improved AAVs for introducing CRISPR/Cas9 to the CNS \[[@R76],[@R77]\], there is a promising platform to correct such variants in brain-specific enhancer regions.

Looking ahead, simultaneous targeting of multiple enhancers will be a useful tool to test the combinatorial nature of enhancer-promoter activation \[[@R78]\]. Moreover, high-throughout CRISPR/Cas9-based enhancer screens \[[@R79]-[@R81]\] are emerging to tile tens of kilobases of genomic search space in an unbiased manner for *cis*-regulatory activity, or for understanding the hierarchy of transcription factor binding sites within these enhancers. The studies highlighted in this section are some of the first to utilize CRISPR/Cas9 technology to dissect both the *cis*- and *trans*-regulators of gene expression in neurons and can be paired with improved cell type-specific sorting methods \[[@R82],[@R83]\] in future to learn about the functional diversity of transcriptional regulation across neuronal and glial subtypes of mammalian brain.

Using CRISPR/Cas9 to Watch Gene Expression in Living Cells {#s4b}
----------------------------------------------------------

The classic model for enhancer activation of gene expression includes the interaction between enhancer and promoter to recruit transcriptional co-activators nearby transcription start sites to initiate gene expression ([Figure 1](#F1){ref-type="fig"}). At the moment, there are limited strategies to monitor these biophysical interactions that result in the formation of so-called chromatin loops. These include chromatin capture to provide an aggregate measure of chromatin interactions across all cells in a population \[[@R84]\], though this often lacks the resolution required to study neuronal subtype-specific enhancers. Alternatively, two-color DNA fluorescence *in situ* hybridization (FISH) \[[@R85]\] is an approach that enables cell type-specific resolution (co-localization of two fluorophore labeled probes is indicative of a chromosomal interaction between the putative enhancer and promoter being targeted), but for only one set of loci at a time and in fixed cells. Since there is some evidence to suggest that these chromatin loops are transient interactions between enhancer and promoter \[[@R86]\], it would be particularly useful to visualize these interactions in real-time in living cells. To that end, some labs have developed new techniques to recruit dCas9 fused to a variety of fluorophores that are targeted to distinct loci in the genome as an alternative to DNA FISH that is more efficient for multiplexing purposes \[[@R87],[@R88]\].

For cellular localization of RNAs, RNA FISH is a robust method whereby DNA probes fused to fluorophores are allowed to hybridize to complementary RNA sequences of interest for their visualization \[[@R89]\], a technique that has been used for neurons *in vitro* and *in vivo*. Yet again, although this technology is sufficient to detect and quantify individual single RNA molecules at cellular resolution \[[@R90]\], they require that neurons be fixed at a given time point, which severely limits temporal resolution on transcriptional analysis. To address this gap, researchers have developed live imaging systems that rely on the complementarity of gRNAs to target RNAs to recruit dCas9 fused with fluorescent proteins \[[@R91]\]. This approach could be highly useful for studying dynamic gene expression programs in the brain, such as neuronal activity-dependent transcription. This process includes a wave of delayed primary response genes that could be interesting to track with CRISPR/dCas9, because they are often cell type-specific and enriched for diverse synaptic functions \[[@R92]\]. Moreover, given the observation that RNA-binding proteins (RBPs) enable the trafficking of specific RNAs to specialized neuronal compartments (e.g. dendrites vs. axons) for local translation \[[@R93]\], CRISPR/dCas9-mediated RNA live imaging could be an important tool for determining the components present in individual RNA granules as they are translocated by RBPs \[[@R94]\].

Lastly, localization of newly synthesized proteins from dynamic neuronal processes in the mammalian brain, such as neuronal activity- or neurotrophin-induced transcription, is relevant because they represent the functional output of gene regulation. Several groups have employed CRISPR/Cas9 gene editing to knock in small epitope tags following the open reading frame for a protein of interest in the nervous system, specifically in the context of the Drosophila olfactory system \[[@R95],[@R96]\]. Within the mammalian brain, generating conditional knock-in mice to tag a protein with a small epitope is a common approach to study cell type-specific functions of proteins. Leveraging the potential of mitotic neural progenitors in mice for HDR, Mikuni et al. \[[@R97]\] recently published a technique known as single-cell labeling of endogenous proteins by CRISPR/Cas9-mediated homology-directed repair (SLENDR). SLENDR permits the knock-in of small epitopes adjacent to neuronal genes of interest in single progenitors by IUE of CRISPR/Cas9 machinery into the embryonic mouse brain ([Figure 3](#F3){ref-type="fig"}B). As proof of principle, Mikuni et al. \[[@R97]\] knocked in an HA tag adjacent to the CaMKIIβ locus to achieve nanometer-scale resolution of CaMKIIβ localization by electron microscopy. SLENDR was also used to localize cytoskeletal proteins (β-actin) within the context of a sparse knockout by CRISPR/Cas9 (of methyl-CpG-binding protein 2 or MeCP2), which allows the study of cell-autonomous protein function of normal and knockout cells in the same tissue.

Overall, these CRISPR/Cas9-based approaches are powerful because they enable both temporal and spatial specificity to the imaging of a protein that is transcribed and translated within cells from its native genomic locus, which could shed light on the function of the protein in its endogenous gene regulatory context. To this end, as described below, several groups have developed CRISPR/Cas9 approaches to localize transcriptional regulators to specific genomic loci, an elegant approach to probe the function of a given *cis*-regulatory element to gene transcription and downstream functional consequences to neurons.

Activation and Repression of *cis*-regulatory Elements in their Endogenous Context {#s4c}
----------------------------------------------------------------------------------

The ability of synthetic DNA binding proteins to recognize coordinates in the genome with high specificity can be expanded beyond the editing of DNA sequences. As we describe above, in all three of the genome editing methods, researchers have also co-opted the specificity of protein-DNA or RNA-DNA binding to recruit transcriptional co-activators and co-repressors to specific loci of interest, with the goal of interrogating the function of these regulatory elements in their endogenous chromatin context. This expands the traditional toolbox for neurobiologists to study *cis*-regulatory elements beyond plasmid-based reporter assays that often fail to faithfully recapitulate an enhancer's level of activity in its endogenous locus of the neuronal genome.

Recruitment of nuclease-dead dCas9 alone to promoter or enhancer elements by gRNAs has been shown to occlude endogenous transcriptional activators from accessing chromatin, likely by blocking relevant transcription factor binding sites, to reduce the activity of these *cis*-regulatory elements \[[@R98],[@R99]\]. However, a more powerful strategy to functionally annotate genome regulatory elements is to fuse the synthetic DNA binding protein with a transcriptional regulatory domain. Examples include dCas9 fusion proteins that incorporate activators, such as VP64 \[[@R100],[@R101]\] and p65 \[[@R102]\], which serve to recruit RNA pol II and associated general transcriptional machinery to DNA loci of interest. Studies targeting dCas9-VP64 to promoters \[[@R50],[@R103]\] and even enhancers located distally to target genes \[[@R16],[@R104]\] have been shown to be sufficient to activate expression of relevant target genes outside the context of the nervous system \[[@R105]\]. Importantly, VP64 recruitment is thought to function by the addition of relevant epigenetic signatures associated with active regulatory regions \[[@R106]\]. These specifically mediate increased chromatin accessibility as quantified by DNase-seq or ATAC-seq, as well as increased acetylation of lysine 27 of histone H3 (H3K27ac) and increased methylation of lysine 4 of histone H3 (H3K4me1 and H3K4me3) as determined by ChIP-seq, all indicators of active DNA regulatory elements.

Recent studies have demonstrated the efficacy of this approach by exogenously activating enhancers in specific neuronal populations. Frank et al. \[[@R16]\] characterized genome-wide chromatin accessibility changes and epigenetic marks (DNase-seq and H3K27ac ChIP-seq respectively) to identify thousands of putative regulatory elements that are dynamically turned on and off at discrete stages of neuronal differentiation in the cerebellum. The authors selected specific enhancers to target by dCas9-VP64 based on epigenomic features and transcription factor occupancy. Localizing dCas9-VP64 to two putative enhancers in a gene-dense region demonstrated the selective activation of a single gene (*Grin2c*) among many situated within this genomic locus. This study is important because it validated the function and gene targets of putative neuronal enhancers in their endogenous chromatin and cellular context. Moreover, it enabled the robust empirical identification of a specific target gene associated with each enhancer, which is otherwise limited to bioinformatics methods \[[@R107]\].

Similarly, a series of dCas9-based transcriptional repressors have been optimized as a complement to the dCas9-VP64 co-activator. This set of reagents is especially useful in the context of studying enhancers because repression of potentially active *cis*-regulatory elements enables neurobiologists to quantitatively determine the requirement for any given enhancer to a gene's proper expression level in neurons. In particular, dCas9 has been fused with the Krupel-associated box (KRAB) domain found in zinc-finger transcription factors \[[@R108]\]. KRAB is thought to mediate repression by binding to DNA and recruiting heterochromatin-forming protein complexes \[[@R109]\] to remodel the local epigenetic state, inducing the methylation of lysine 9 of histone H3 (H3K9me) \[[@R110]\], an epigenetic mark indicative of constitutive heterochromatin. dCas9-KRAB recruitment to gene regulatory regions has been shown to require only a single gRNA for efficient targeting and repression and it has been applied to study both proximal and distal regulatory elements \[[@R111]\].

Recently, Joo et al. \[[@R112]\] employed dCas9-KRAB to interrogate the function of distal enhancers in the activation of *Fos*, a well-characterized transcription factor \[[@R113]\] that is known to be induced by a variety of extracellular stimuli. Prior studies of *Fos* in the context of neuronal activity have described a set of five putative activity-regulated enhancers that regulate *Fos* \[[@R3]\], each of which show induction of the H3K27ac epigenetic mark associated with active regulatory elements upon neuronal stimulation \[[@R4]\]. Joo et al. describe in their study that while the *Fos* gene is activated in neurons by diverse stimuli, including neuronal activity and neurotrophin signaling, individual *Fos* enhancers are differentially responsive to each of these activating signals. In particular, they demonstrate by dCas9-KRAB recruitment to each of the five enhancers that they are able to reduce enhancer RNA levels, an epigenetic readout of enhancer activity \[[@R114]\], and *Fos* transcripts at the mRNA level in a stimulus-specific manner. This method is an illustration of how CRISPR interference (CRISPRi, [Figure 3](#F3){ref-type="fig"}C) is able to dissect the functional contribution of each non-coding *cis*-regulatory element to the neuron's ability to initiate transcription of a single gene, which will lend insight into how more complex gene expression programs are regulated by the non-coding genome and its epigenomic state.

CRISPR/dCas9-based Epigenome Editing {#s4d}
------------------------------------

In recent years, seminal work in the field of neuroepigenetics has revealed the importance of stimulus-dependent changes in the epigenome, which includes a complex array of DNA modifications and post-translational modifications to histone proteins, for the regulation of neuronal gene expression. Within all cells, there exists an interplay between two broad families of proteins: epigenetic enzymes or effectors, which catalyze reactions that result in biochemical changes, and epigenetic readers, which interpret these biochemical changes and facilitate the active recruitment of transcriptional co-factors to modulate gene expression. The interesting part in neurons is that the expression and function of many of these chromatin regulatory factors is subject to neuronal activity-dependent regulation, leading to correlations in epigenome changes with functionally relevant properties of neurons, such as synaptic plasticity. This biochemical plasticity of chromatin adds an additional layer of complexity to gene regulation beyond *cis*-regulatory element sequences, a realization that has prompted some seminal work to uncover the epigenomic code of the neuron \[[@R115],[@R116]\] and how these epigenetic changes might alter behavioral output in mouse models \[[@R117],[@R118]\].

Among the biochemical modifications of histone proteins used to identify specific classes of gene regulatory elements, one of the best known is the acetylation of lysine 27 at histone H3 (H3K27ac), shown to be highly correlated with active regulatory elements that are both proximally and distally situated relative to the TSS \[[@R119],[@R120]\]. The histone acetyltransferase p300 has been shown to deposit this specific post-translational modification \[[@R121]\] and is bound widely to active neuronal enhancers \[[@R3]\]. Due to the association of acetylation of particular histone residues at *cis*-regulatory elements with activation of gene transcription, it is possible that epigenomic editing of the histone acetylation state could be co-opted as a powerful resource for activating genes. Hilton et al. \[[@R122]\] have optimized a dCas9-p300 fusion protein ([Figure 3](#F3){ref-type="fig"}D), which has been targeted to both promoters and distal enhancers to robustly activate genes, often to a greater degree than dCas9-VP64 recruitment. Although other chromatin modifying enzymes have not yet been fused to dCas9, Konermann et al. \[[@R123]\] have introduced a TALE fusion protein linked to SIN3 transcriptional regulator family member A (SIN3A) to neurons, which removes a histone acetylation mark (H3K9ac) that is functionally similar to H3K27ac. When recruited to the *Grm2* promoter, TALE-Sin3a significantly reduced H3K9ac and concurrently diminished *Grm2* expression in Neuro-2a cells. These histone-specific epigenetic editors provide neurobiologists with a molecular handle to activate and repress genes in neurons, as well as to investigate the epigenomic code and its role neuronal gene regulation.

The most common epigenetic mark associated with DNA is the methylation of cytosines at the C5 position (5mC), which has historically been studied in the context of CpG (CG) dinucleotides and is associated with repression of gene expression. The importance of DNA methylation in the mammalian brain was brought home by the discovery that mutations in the methyl-DNA binding protein *MECP2* cause Rett syndrome, an X-linked neurological disorder \[[@R124],[@R125]\]. The major enzymes responsible for depositing methyl groups on cytosine are the *de novo* methyltransferases 3A (Dnmt3a) and 3B (Dnmt3b) \[[@R126]\]. The level of Dnmt3a expression peaks in the mammalian brain relatively early in postnatal development \[[@R127]\], a period that is critical for proper neuronal circuit formation and refinement. Mouse models with *Mecp2* mutations \[[@R128],[@R129]\], as well as conditional *Dnmt3a* knockouts \[[@R130]\], both display a vast array of neurobiological deficits, underscoring the importance of this epigenetic modification for normal brain development and function. Interestingly, recent studies also show that non-CG methylation is highly enriched in the mammalian brain, is deposited by Dnmt3a \[[@R131]\], and is bound by MeCP2 \[[@R132]\]. Finally, 5-methylcytosine (5mC) can be converted to 5-hydroxymethylcytosine (5hmC) by a series of dioxygenases termed the ten-eleven translocation (TET) family \[[@R133]\]. Studies have shown that 5hmC is an epigenetic mark present in the mammalian brain \[[@R134]\], that 5hmC is dynamically regulated in development \[[@R135]\], and that cell type-specific patterns of 5hmC in the genome are present in active genes \[[@R136]\].

To develop new tools for DNA methylation analysis, Swiech et al. \[[@R59]\] generated adeno-associated viruses for Cas9, as well as for gRNAs targeting *Dnmt3a*, *Dnmt3b*, and *Dnmt1*, the methyltransferase responsible for maintaining DNA methylation patterns over cell division. *Dnmt3a* has been fused with TALENs \[[@R137],[@R138]\] and Cas9 \[[@R139],[@R140]\] and shown to mediate site-specific regulation of DNA methylation. Finally, there is TALEN technology incorporating the Tet1 catalytic domain \[[@R141]\] and some work has been done to generate a mouse ES cell line deficient in all three TET family members with CRISPR/Cas9 technology \[[@R142]\]. This is an example of where the modular nature of CRISPR/Cas9 could promote rapid development of new tools to probe the function and mechanism of the epigenome in the nervous system ([Table 1](#T1){ref-type="table"}). In fact, groups have very recently developed and applied new dCas9-Tet1 and dCas9-Dnmt3a fusion proteins to increase our epigenome editing capacity in neurons \[[@R143]\].

Conclusions and Outlook {#s5}
=======================

Neurobiologists have just begun to explore the cellular and molecular mechanisms that enable the epigenomic landscape of *cis*-regulatory elements to deploy transcriptional programs over brain development and in response to neuronal activity. The innovation of CRISPR/Cas9-based epigenetic effectors will accelerate this process of discovery, as the ability to target multiple regulatory elements with high specificity and efficiency will fuel the functional annotation of the genome. The genome and epigenome editing toolbox made possible by the simple and modular design of the CRISPR/Cas9 system can easily be paired with cutting-edge genetic and microscopy techniques to improve resolution on specific epigenomic features of different neuronal cell types. One of the key frontiers for the future will be using CRISPR/Cas9 methods to push the boundaries of understanding transcriptional regulation at the single-cell level. This experimental capacity is especially important in the brain, where the precise interconnection of multiple cell types is key for the function of neural circuits and where information is stored in distributed networks \[[@R144]\]. In 2015, single-cell methods emerged for quantifying RNA transcripts \[[@R145],[@R146]\], histone epigenetic modifications \[[@R147]\], and chromatin accessibility \[[@R148]\]. An advantage that single-cell technologies provide over previous cell type purification-based methods is the ability to quantify CRISPR/Cas9 effects in a largely unbiased manner. In other words, we now have the ability to profile the transcriptional state before and after CRISPR/Cas9 manipulations of all neurons in a population and we may even discover novel gene regulatory patterns in neurons not defined by a single cell type marker. As we look towards the future of neuroepigenomics, CRISPR/Cas9 developments will continue to expand the possibilities for neurobiologists to understand normal brain development and function, as well as how the chromatin landscape is perturbed in neurologicaldisorders \[[@R149]\].
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CRISPR

:   clustered regularly interspaced short palindromic repeats

DBD

:   DNA binding domain

TAD

:   transcriptional activation domain

ZFN

:   zinc finger nuclease

TALEN

:   transcription activator-like effector nucleases

PAM

:   protospacer adjacent motif

gRNA

:   guide RNA

HDR

:   homology directed repair

NEHJ

:   non-homologous end-joining

dCas9

:   nuclease-dead Cas9

SNP

:   single nucleotide polymorphism

FISH

:   fluorescence in situ hybridization

RBP

:   RNA binding protein

SLENDR

:   single cell labeling of endogenous proteins by CRISPR-Cas9-mediated homology-directed repair

###### Summary of genes targeted by diverse CRISPR/Cas9 strategies in mammalian neurons.

  **CRISPR manipulation**                          **Gene targets**                                                                                                         **References**
  ------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------ -----------------------------------
  Conditional knockout in neurons                  *Abhd6*, *Dnmt1*, *Dnmt3a*, *Dnmt3b*, *GRIA2*, *Grin1*, *GRIN1*, *Katnal2*, *Mecp2*, *Rbfox3*, *Top1*, *3110043O21Rik*   \[[@R57]-[@R59],[@R150]-[@R154]\]
  Knockin of variant to neuronal gene              *APP*, *FMR1*, *PSEN1*                                                                                                   \[[@R47],[@R155]\]
  Deletion of *cis*-regulatory element             *Prdm1*                                                                                                                  \[[@R64]\]
  Activation of proximal and distal enhancers      *Grin2c*                                                                                                                 \[[@R16]\]
  Repression of distal enhancers                   *Fos*                                                                                                                    \[[@R112]\]
  Knockin of small epitope tag for visualization   *Actb*, *Arc*, *Camk2a*, *Cacna1c*, *CHAT*, *Dcx*, *Fmrp*, *GAD67*, *Mecp2*, *Prkca*, *Rab11a*, *Ywhae*                  \[[@R97],[@R156],[@R157]\]

![***Cis*-regulatory elements and the control of gene transcription.** A\] Linear diagram of a hypothetical transcribed gene \[green arrow\] and its promoter \[Prom\] flanked by two insulator elements \[Ins\] and two enhancers \[Enh\]. B\] Binding of the chromatin architectural factor CTCF to insulator elements traps the enhancer in a loop away from the gene promoter, inhibiting transcription \[red arrow\]. C\] Following developmental methylation \[Me\] of insulator elements, which blocks CTCF binding, the enhancer loops over to interact with the promoter, promoting transcription. The active enhancer is marked by H3K27 acetylation \[Ac\]. D\] Upon activity-induced recruitment of transcriptional co-activators, a shadow enhancer is recruited to the gene promoter, further promoting transcription.](yjbm_89_4_457_g01){#F1}

![Number of publications on PubMed per year with CRISPR/Cas9, ZFN, or TALEN in their titles or abstracts. These numbers exclude all review publications.](yjbm_89_4_457_g02){#F2}

![**Applications of CRISPR/Cas9 in neurons.** A\] Substitution of *cis*-regulatory sequences. B\] Introduction of small epitope tag to C-terminus of neuronal gene. C\] Repression of *cis*-regulatory element. D\] Activation of *cis*-regulatory element by editing its epigenomic landscape. Histone proteins denoted in gray, histone methylation in pink, and histone acetylation in yellow.](yjbm_89_4_457_g03){#F3}
